YAP and TAZ are transcriptional co-activators and function as the major effectors of the Hippo tumor suppressor pathway, which controls cell growth, tissue homeostasis, and organ size. Here we show that YAP/TAZ play an essential role in amino acid-induced mTORC1 activation, particularly under nutrient-limiting conditions. Mechanistically, YAP/TAZ act via the TEAD transcription factors to induce expression of the high-affinity leucine transporter LAT1, which is a heterodimeric complex of SLC7A5 and SLC3A2. Deletion of YAP/TAZ abolishes expression of LAT1 and reduces leucine uptake. Re-expression of SLC7A5 in YAP/TAZ knockout cells restores leucine uptake and mTORC1 activation. Moreover, SLC7A5 knockout cells phenocopies YAP/TAZ knockout cells which exhibit defective mTORC1 activation in response to amino acids. We further demonstrate that YAP/TAZ act through SLC7A5 to provide cells with a competitive growth advantage. Our study provides molecular insight into the mechanism of YAP/TAZ target genes in cell growth regulation.
Introduction
The Hippo pathway controls cell growth, tissue homeostasis, and organ size through LATS1/2-mediated phosphorylation and inhibition of the transcriptional co-activators yes-associated protein (YAP) and transcriptional coactivator with a PDZ-binding domain (TAZ) [1] [2] [3] [4] [5] . The LATS-dependent phosphorylation leads to cytoplasmic retention and degradation of YAP/TAZ. In the nucleus, YAP/TAZ complex with transcription factors, most prominently the TEA domain family members (TEADs), to induce gene activation [6] [7] [8] . Hyperactivation of YAP/TAZ leads to overgrowth and cancer [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , but how YAP/TAZ confer cellular growth advantages is currently not well-understood [2] .
The mechanistic target of rapamycin complex 1 (mTORC1) is a central regulator of cell growth [19] [20] [21] , and its activation status is tightly regulated. A wide range of signals, including growth factors, nutrients, and stress conditions, have been shown to regulate mTORC1 activity. mTORC1 hyperactivation is frequently observed in cancer and inhibitors of mTORC1 are used in the clinic for treating certain cancers [19] [20] [21] . Amino acids (AAs) are among the most potent regulators of mTORC1. Once inside the cell, AAs act primarily through the Rag GTPases to recruit mTORC1 to the lysosome, where it is activated by Rheb GTPases, which integrate upstream growth factor signals to mTORC1 [19] [20] [21] .
In this study, we show that YAP/TAZ potentiate mTORC1 activity by increasing expression of the high-affinity L-type amino acid transporter (LAT1, also known as CD98), which is a heterodimer of SLC7A5 and SLC3A2. YAP/TAZ and TEAD directly induce transcription of SLC7A5, which rescues SLC3A2 protein expression by dimer formation, to increase LAT1 expression and amino acid uptake. The enhanced capacity of AA uptake provides a competitive growth advantage for YAP/TAZ cells, thereby linking YAP/TAZ target genes to mTORC1 activity and cell growth.
Results

YAP and TAZ modulate amino acid-induced mTORC1 activation
In mammalian cells, AAs are potent regulators of mTORC1 [19] [20] [21] , and different AAs activate mTORC1 via different mechanisms. For example, leucine (Leu) rapidly stimulates mTORC1 via the Rag GTPases, while glutamine (Gln) slowly activates mTORC1 via Arf1 GTPase [21] [22] [23] [24] [25] . Gln also facilitates Leu uptake to stimulate mTORC1 [26] . AA starvation, even in the presence of fresh serum, shuts down mTOR activity [23, 27, 28] . Therefore, because AAs are such a potent regulator of mTOR, we set out to delineate the mechanisms of this regulation. We examined mTORC1 activation by Gln and Leu in AA-starved cells in the presence of dialyzed serum (10%). Consistent with previous observations, shortterm Gln treatment did not significantly induce mTORC1 activation (Supplementary information, Figure S1A ), although pre-incubation with Gln strongly potentiated mTORC1 activation by Leu even when Leu concentration was ten times lower than that of normal DMEM medium ( Figure 1A and Supplementary information, Figure  S1A ). These are the conditions for Gln/Leu treatment that were used throughout the study.
We wished to examine whether YAP/TAZ modulate mTORC1 activation in response to AA. We generated YAP/TAZ double knockout (Y/T dbKO) 293a cells using CRISPR genomic editing technology (see Supplementary information, Figure S1B ). YAP/TAZ knockout was confirmed by western blot (Supplementary information, Figure S1B -S1G). mTORC1 activity is sensitive to the cell culture conditions, including levels of nutrients and growth factors in the growth medium. To carefully compare mTORC1 activity between wild-type (WT) and Y/T dbKO cells, we performed co-culture to ensure identical culture conditions for both WT and dbKO cells. We initially utilized phosphorylated S6 (pS6) as a readout for mTORC1 activation and the lack of YAP/TAZ labeling as a marker for Y/T dbKO cells. We found that Gln/Leu stimulation strongly induced S6 phosphorylation in WT cells ( Figure 1B-1D and Supplementary information, Figure S1D -S1G), but, surprisingly, failed to induce S6 phosphorylation in Y/T dbKO cells ( Figure 1B-1D ). To validate that Gln/Leu stimulation of pS6 was dependent on mTORC1, we pretreated cells with the mTORC1 inhibitor rapamycin before stimulating with Gln/Leu and found that rapamycin completely blocked phosphorylation of S6 ( Figure 1B and 1C) . To further confirm that mTORC1 activation was indeed impaired, we treated and prepared WT and Y/T dbKO cells separately and blotted for p4E-BP1 and pS6K, two direct substrates of mTORC1 [23, [28] [29] [30] . Indeed, mTORC1 activation in Y/ T dbKO cells was severely impaired upon Gln/Leu stimulation ( Figure 1D ). The above observations show that YAP/TAZ have a critical role in mTORC1 activation by AAs.
Glutamine potentiates leucine uptake to activate mTORC1. LAT1, which is the major high-affinity Leu transporter, has previously been implicated in Gln/ Leu-mediated mTORC1 activation [26, 31, 32] . LAT1 is a heterodimer consisting of SLC7A5 and SLC3A2 and functions as an AA exchanger, transporting Leu (and other large neutral AA) into the cell while transporting Gln out of the cell [26, [32] [33] [34] . We found that Y/T dbKO cells lost protein expression of both SLC7A5 and SLC3A2 ( Figure 1D ). Interestingly, the loss of SLC7A5 expression was consistently more severe in single YAP KO cells than in TAZ KO cells (Supplementary information, Figure S1C ). As Y/T dbKO cells had the most severe phenotype (Supplementary information, Figure S1C ), and YAP and TAZ have overlapping functions [1] , we focused on Y/T dbKO cells for the remainder of the study. These results suggest that the lack of LAT1 in Y/T dbKO Figure 1 YAP and TAZ modulate AA-induced mTORC1 activation. (A) Glutamine (Gln) potentiates mTORC1 activation by leucine (Leu). HEK293A cells were AA starved for 6 h, then Gln stimulated for 30 min followed by 10 min of Leu stimulation. Concentrations of 0.01×, 0.1×, and 1× denote 1%, 10%, and 100%, respectively, of the leucine concentration in normal DMEM medium. mTORC1 activity is determined by western blotting for the phosphorylation of S6K, S6, and 4E-BP1. L.e. and s.e. denote long exposure and short exposure, respectively. (B) YAP/TAZ are required for mTORC1 activation by AAs. Wild-type and YAP/ TAZ double knockout (Y/T dbKO) 293A cells were co-cultured, AA starved, and stimulated with Gln and Leu as indicated. Cells were AA starved (top row), or stimulated by 1× Gln (second row), or 1× Gln and 0.1× Leu (Gln/Leu, third row), or treated with rapamycin and Gln/Leu (bottom row). Some Y/T dbKO cells, as indicated by the lack of YAP/TAZ labeling, are marked with white arrows. Note, that upon Gln/Leu stimulation only wild-type (positive YAP/TAZ labeling) cells show positive pS6 signal, a marker of active mTORC1. See Supplementary information, Figure S1D cells may contribute to the defective mTORC1 activation in response to Gln/Leu stimulation.
YAP and TAZ regulate leucine uptake via SLC7A5
The LAT1 heterodimer is formed by a disulfide bond between SLC7A5 and SLC3A2 [33] . We examined for LAT1 heterodimer expression in WT and Y/T dbKO cells. The expression of LAT1 was strikingly lower in Y/T dbKO cells than in WT cells (Figure 2A ). Treatment with the reducing agent β-mercaptoethanol abolished the high molecular weight dimer and produced the expected monomers of both SLC7A5 and SLC3A2. Re-expressing YAP in the Y/T dbKO cells restored expression of both SLC7A5 and SLC3A2, further confirming the key role of YAP/TAZ in regulating LAT1 expression. YAP/TAZ are negatively regulated by the LATS1/2 kinases [1] . We recently generated LATS1/2 dbKO 293a cells [35, 36] , which results in nucleus-localized and hyperactivated YAP/TAZ (Supplementary information, Figure S1G ). Deleting LATS1/2 resulted in a modest, but reproducible, increase in SLC7A5 and SLC3A2 (Figure 2A ). Collectively, the above data establish an essential role for the Hippo pathway and YAP/TAZ in regulating the expression of SLC7A5 and SLC3A2. The dramatic reduction of LAT1 expression indicates that Y/T dbKO cells may have compromised Leu transport. We performed Leu import assays with H 3 -labeled Leu. Indeed, we found that Y/T dbKO cells showed dramatically decreased Leu uptake ( Figure 2B ). As expected, re-expression of YAP in Y/T dbKO cells restored Leu uptake. The LATS1/2 dbKO cells also showed an increase in Leu uptake ( Figure 2C ). Knockdown of SLC7A5 decreased Leu uptake in LATS1/2 dbKO cells, suggesting that high LAT1 activity was responsible for the elevated Leu uptake in these cells ( Figure 2C ).
The dimeric LAT1 transporter complex functions at the plasma membrane (PM) [26, 33, 34] , as well as at the lysosome [37] . To exclude the possibility that LAT1 mislocalization may contribute to the reduced Leu uptake in Y/T dbKO cells, we examined the LAT1 cellular localization. We found that the ectopically expressed SLC7A5 was predominantly localized to the PM in both WT and Y/T dbKO cells ( Figure 2D and Supplementary information, Figure S2 ) in accordance with its role in uptake of extracellular Leu. SLC7A5 needs to be shuttled to the PM to be stable, and this is dependent on SLC3A2 expression [33] . When SLC7A5 was re-expressed in Y/T dbKO cells, it also dramatically increased SLC3A2 protein levels ( Figure  2E ), whereas re-expression of SLC3A2 did not increase SLC7A5 expression (Supplementary information, Figure S3A) . These results suggest that YAP/TAZ regulate expression of SLC7A5, while the effect on SLC3A2 is possibly due to an indirect effect on protein stability of SLC3A2 by dimer formation with SLC7A5. Consistent with this hypothesis, exogenous expression of an epithelial-specific transporter subunit SLC7A7 [38, 39] , which also complexes with SLC3A2 (Supplementary information, Figure S3B ) but is not endogenously expressed in 293a cells, similarly increased SLC3A2 protein levels in Y/T dbKO cells ( Figure 2E ). To determine whether the reduced Leu uptake in Y/T dbKO cells was due to the decreased expression of SLC7A5, we performed Leu uptake assays in the SLC7A5 re-expressing Y/T dbKO cells. Our data showed that Leu uptake was rescued in Y/T dbKO cells when SLC7A5 was re-expressed ( Figure  2F ). Together, our study indicates that YAP/TAZ regulate SLC7A5 expression, and hence LAT1 activity, to promote Leu uptake.
To assess the function of SLC7A5 in WT cells, we generated SLC7A5 KO cells using CRISPR and investigated mTORC1 activation. Interestingly, following Gln/ Leu stimulation, with regard to mTORC1 activation, the SLC7A5 KO cells phenocopies in great part Y/T dbKO cells (compare Figures 1D with 3A , and 1C with 3E, respectively). SLC7A5 KO cells displayed compromised phosphorylation of S6K, S6, and 4EBP1, especially under low Leu concentration ( Figure 3A) . Noteworthy, the effect of SLC7A5 knockout on mTORC1 activation was specific to AA stimulation, as the SLC7A5 KO cells had a normal response to insulin-induced mTORC1 activation ( Figure 3B ). Moreover, SLC7A5 KO also dramatically reduced SLC3A2 protein levels ( Figure  3B ). Similar results were obtained by pS6 labeling of WT and SLC7A5 KO cells ( Figure 3C and 3E). These results are consistent with the notion that LAT1 is the major, high-affinity Leu transporter, while other low-affinity Leu transporters and other import mechanisms should still function in the SLC7A5 KO cells [39, 40] . In addition, we measured Leu uptake in the SLC7A5 KO cells and confirmed that these cells are defective in Leu uptake ( Figure 3F ), confirming a vital role for LAT1 in cellular Leu uptake. The Rag GTPases are also important for mTORC1 activation by AAs [22, 41] . As expected, RagA/B dbKO cells exhibited defective mTORC1 activation in response to Gln/Leu stimulation (Supplementary information, Figure S3C ), consistent with the notion that SLC7A5 acts through the Rags to activate mTORC1.
SLC7A5 is a direct YAP/TAZ-TEAD target gene to promote leucine uptake
As Y/T dbKO cells show a dramatic reduction in SLC7A5 protein levels ( Figures 1D, 2A and 2E), we sought to determine whether this was due to regulation at the transcriptional level. Quantitative RT-PCR showed that Y/T dbKO cells expressed dramatically lower levels of SLC7A5 mRNA, whereas LATS1/2 dbKO cells had a slight increase in SLC7A5 mRNA expression ( Figure 4A and 4B). YAP and TAZ single KO cells also showed a decrease in SLC7A5 mRNA expression (Supplementary information, Figure S3D ). SLC7A5 mRNA levels were consistently lower in the YAP KO cells than in the TAZ KO cells, although this disparity was not conserved for other known YAP/TAZ target genes (Supplementary in- Figure 4C ). We cloned the SLC7A5 promoter regions into luciferase reporters. The reporters were co-transfected with or without YAP into the Y/T dbKO cells. We found that YAP potently activated the long reporter (with putative TEAD-binding sites), but not the short reporter (devoid of putative TEAD-binding sites), though both had similar basal activity ( Figure 4D ). Therefore, YAP stimulates SLC7A5 promoter activity.
To assess whether the TEAD transcription factors directly bind to the SLC7A5 promoter in cells, we performed chromatin immunoprecipitation (ChIP) and confirmed that TEAD1 did bind to the SLC7A5 promoter region ( Figure 4E ). Next, we tested whether YAP/TAZ can induce SLC7A5 mRNA expression. We generated doxycycline-inducible cell lines expressing active YAP S127A or TAZ S89A (YAP/TAZ mutants lacking a key inhibitory phosphorylation site). Induction of active YAP or TAZ increased SLC7A5 mRNA and protein expression ( Figure  4F and 4G). To assess whether this response is dependent on the TEADs, we utilized a YAP mutant (S94A) that is deficient in TEAD binding [6, 42, 43] . Compared to WT YAP, the TEAD binding-deficient YAP S94A mutant was unable to induce SLC7A5 expression in Y/T dbKO cells ( Figure 4H ). Furthermore, while reintroduction of WT YAP restored Leu uptake, reintroduction of the TEAD binding-deficient YAP S94A mutant failed to do so (Figure 4H and 4I) , confirming that SLC7A5 is a direct YAP-TEAD target gene critical for Leu uptake.
YAP/TAZ act through SLC7A5 to promote cell growth
Our data suggest that YAP/TAZ induces SLC7A5 expression to increase Leu uptake, thereby activating mTORC1 to provide a growth advantage for cells under low nutrient conditions. This hypothesis predicts that decreased mTORC1 activation by Gln/Leu stimulation in Y/T dbKO cells is due to reduced SLC7A5 expression. To test this model, we reintroduced SLC7A5 back into Y/T dbKO cells and measured mTORC1 activity. As shown in Figure 5 , re-expression of SLC7A5 restored mTORC1 activation in the Y/T dbKO cells ( Figure 5A -5C and Supplementary information, Figure S4A-S4B) , whereas re-expression of SLC3A2 did not (Supplementary information, Figure S4C ). This is consistent with the fact that SLC3A2 re-expression alone fails to restore protein levels of SLC7A5 (Supplementary information, Figure S3A ). This effect was specific to Gln/Leu stimulation, as no difference was observed in mTORC1 activation in response to insulin when cells were cultured in serum-free and AA-containing DMEM ( Figure 5D ). These results indicate that loss of SLC7A5 expression in Y/T dbKO cells is the primary reason for defective mTORC1 activation by Gln/Leu stimulation.
A well-defined function of mTORC1 is to promote cell growth, as measured by an increase in cell size [27, 30, 44] . We next investigated whether YAP/TAZ or SLC7A5 have any effect on cell size. The Y/T dbKO cells were slightly smaller than the WT cells when cultured under nutrient sufficiency (in complete DMEM; Figure 5E ). Because LAT1 is a high-affinity amino acid transporter, we examined cell size at reduced amino acid concentrations. As expected, reduction of total amino acid to 10%, or reduction of Leu to 1% of normal DMEM resulted in decreased cell size, potentially due to partial inhibition of mTORC1 [27, 30] . Interestingly, when cultured under reduced amino acid concentrations, the Y/T dbKO cells showed a dramatic decrease in cell size ( Figure 5E ), consistent with decreased mTORC1 activity. Furthermore, re-expression of SLC7A5 significantly rescued cell size in the Y/T dbKO cells. It is worth noting that the re-expression of SLC7A5 could not completely rescue the cell 
Wild-type and SLC7A5 knockout (KO) 293A cells were AA starved for 6 h and Gln stimulated for 30 min followed by 10 min of Leu stimulation at different concentrations. SLC7A5-deficient cells, which are confirmed by the lack of SLC7A5 expression, are impaired in mTORC1 activation at low Leu concentrations. Similar results were observed in an additional cell line independently generated (data not shown). (B) SLC7A5 does not affect insulin-induced mTORC1 activation. Experiments were similar to A except that cells were serum starved and stimulated with 100 nM insulin for the times illustrated, with or without 1 h pretreatment of mTOR inhibitors Torin (Tor) or Rapamycin (Rapa). Note also the lack of SLC3A2 expression in SLC7A5 KO cells. Similar results were observed in an additional cell line independently generated with a separate sgRNA targeting SLC7A5 (data not shown). YAP drives SLC7A5 promoter activity. The short (-1 075 to 0) or long (-2 000 to 0) fragment of SLC7A5 promoter region was fused to produce the luciferase reporters. These reporters were transfected into Y/T dbKO 293A cells in combination with YAP or vector control. Luciferase activity was measure and normalized to the co-transfected renilla control. Note that only the long form contains the predicted TEAD recognition motifs (upstream of -1 075). Data are means ± SD from triplicates in a representative experiment. (E) TEAD1 binds to the SLC7A5 promoter region. Chromatin immunoprecipitation (CHIP) with antibodies to endogenous TEAD1 (or control IgG) were carried out in 293A cells. The precipitated DNA was quantitated by real-time PCR analysis with primers specific for a promoter region (prom) or an intragenic control region (intra) of the indicated genes. CTGF (connective tissue growth factor) is a known direct target gene of the YAP-TEAD complex, and GAPDH (glyceraldehyde 3-phosphate dehydrogenase) serves as an additional negative control. Data are means ± SEM of triplicates from a representative experiment. size difference between Y/T dbKO and WT cells, possibly due to other YAP/TAZ target genes involved in cell growth regulation [1, 2] .
We next examined whether the ability to take up AAs would provide a growth advantage for cells expressing SLC7A5. We co-cultured equal numbers of Y/T dbKO cells expressing either empty vector or SLC7A5 at different AA concentrations. Cells were counted six days later. The SLC7A5-expressing Y/T dbKO cells clearly outgrew the control cells at low AA concentrations, whereas the difference was much less pronounced when cultured under nutrient sufficiency ( Figure 5F , 5G and Supplementary information, Figure S4B ). Expression of SLC7A5 therefore confers growth advantages at low AA levels, and since expression of SLC7A5 is dependent on YAP/TAZ, these transcriptional co-activators thereby confer growth advantage under nutrient-limiting conditions.
Discussion
The Hippo pathway acts through YAP and TAZ to limit tissue growth by regulating cell proliferation and apoptosis [2] . mTOR promotes cell growth by stimulating synthesis of primary building blocks, such as nucleotides, lipids, and proteins, and by inhibiting autophagy [45, 46] . Nutrient scarcity is a common phenomenon in biological processes. Cells and organisms must adjust to fluctuating nutrient levels, especially during development and regeneration [2, 47, 48] . Crosstalk between potent cellular growth pathways, such as the Hippo and mTOR pathways, on multiple levels is crucial to maintain homeostasis [1, 45, [49] [50] [51] [52] . This report shows that cells with high YAP/TAZ activity gain an enhanced ability of acquiring nutrients to support biosynthesis and growth. This is mediated through the YAP/TAZ-induced expression of the high-affinity amino acid transporter LAT1; YAP/TAZ directly increase transcription of SLC7A5, thus indirectly leading to accumulation of SLC3A2 and, therefore, high LAT1 activity.
Hyperactive YAP/TAZ [2] and high LAT1 [53] expression have been observed in a range of cancers, suggesting that they may contribute to tumor development. Because LAT1 is a high-affinity amino acid transporter and solid tumors often experience nutrient limitation due to insufficient blood supply, elevated LAT1 in tumor cells, potentially due to mutations in the Hippo pathway, will gain the upper hand in competing with surrounding wildtype cells for nutrients. Therefore, targeting either YAP/ TAZ and/or LAT1 (CD98) may be an attractive therapeutic target in treating YAP/TAZ-driven cancers [2, 4, 50, [53] [54] [55] [56] [57] [58] [59] . The finding that YAP/TAZ regulate SLC7A5 expression and LAT1 activity to activate mTORC1 is consistent with a recent report [50] , and together these studies represent an important step in understanding how YAP/TAZ target genes promote cell growth and how these potent growth regulatory pathways are interconnected. 
Materials and Methods
Image acquisition
A Zeiss 710 confocal microscope utilizing a Plan-Apochromat 63×/1.4 Oil DIC M27 objective was used to acquire images. Cells were grown on fibronectin-coated LabTek chambers or coverslips, and after experimental procedures cells were PFAfixed and mounted with prolong gold anti-fade reagent with DAPI (P36931, Life Technologies). For quantification of phosphor-S6 (pS6), laser powers were adjusted so that rapamycin-treated cells appeared negative; hereafter the same acquisition settings were used for comparable experiments. Quantification was carried out by eye and scored as fraction of pS6-positive cells per image, only fields of view with more than 6 cells per cell type quantified were included in the quantification, and in general 20 cells on average were present in one image. Scatter plots represent fraction of cells that are pS6 positive. To address antibody specificity of YAP and TAZ in confocal images, samples were prepared in parallel to ensure the exact same incubation time and antibody solutions. In images acquired for the cell competition assay (see separate section), cells were grown on plastic (with no extra coating) in experimental medium (with medium change every 24 h) for six days, whereafter cells were trypsinized and some were reseeded into LabTek chambers and processed for immunofluorescence. In general, images that are directly compared were acquired with the same microscope and laser settings. Cells with heavily condensed chromosomes as identified in the DAPI channel, and therefore undergoing either mitosis or apoptosis, were excluded in all image-based quantification.
Cell culture and AA experiments
All cell lines were cultured under an atmosphere of 5% CO 2 at 37 °C. Generation of RagA/B KO 293A cells were described elsewhere [24] . Concentration of Gln and Leu as 1×, are the concentrations present in DMEM high-glucose media #11965. 1× Gln equals 4 mM, 1× Leu equals 0.801 mM. Amino acid-free medium was made in house following the Invitrogen (#11965-092) high-glucose DMEM recipe, but omitting all AAs. All experiments with AA starvation and stimulation contained 10% dialyzed FBS (#26400-036 from Invitrogen) unless otherwise indicated. In experiments compared to full AA-containing medium, 10% dialyzed FBS was likewise used.
Generation of stable cell lines
Stable cells expressing pQCXIH-Myc-YAP, and pQCX-IH-myc YAP s94A were generated by retroviral transduction and selected with hygromycin, and these plasmids have previously been described [6] . V5-tagged SLC7A5 and V5-tagged SLC7A7 were acquired from DNASU [60] . HsCD00042452 (SLC7A5), HsCD00040795 (SLC7A7) and HsCD00513893 (SLC3A2) are inserted into pDonR221 and were in-house via gateway cloning inserted into the lentiviral pLEX307 destination vector, generating C-terminally V5-tagged transporters for mammalian expression. Stable cells were obtained through puromycin selection. Empty pLEX307 was used as a control. Retrovirus expressing pLKObased vectors with shRNA targeting SLC7A5 (TRCN0000043009, TRCN0000043008, TRCN0000043010, TRCN0000333531) were acquired from Sigma, and shRNA control described previously [35] was prepared. Cells were transduced with the retrovirus and expressing cells were puromycin selected.
For generation of tetracycline-inducible expression system, cells were infected with a retrovirus encoding tetracycline repressor (TetR; pRetroX-Tet-On; Invitrogen) for 2 days. The cells were then incubated with G418 (300 μg/ml) for selection and amplifi- cation of neomycin-resistant cells. The TetR-expressing cells were then infected with retroviruses encoding YAP (s127A), TAZ (s89A) (or pRetroX-Tight-Pur empty vector for control). Forty-eight hours after infection, the cells were selected with G418 (300 μg/ml) and puromycin (4 μg/ml) in culture medium. For induction of YAP/ TAZ expression, the cells were treated with 0.5 μg/ml doxycycline (dox) for the indicated times. Prior to induction, cells were grown for at least 4 days in medium containing Tet System Approved Serum (Fisher Scientific) to avoid leakage.
Transfection of plasmid DNA was performed with PolyJet DNA In Vitro Transfection Reagent (SignaGen Laboratories) according to manufacturer's instructions.
Antibodies and reagents
Antibodies (abs) from Cell signaling used in this study are against SLC3A2 (also known as 4F2hc) (D603P), against SLC7A5 (also known as LAT1) (53475), against phosphor-4E-BP1 (Thr37/46) (236B4), against total 4E-BP1 (9452), against total S6 (5G10), against phosphor S6 (D57.2.2E and 5364), against p127 YAP (D9W23), against phosphor p70 kinase (9234L), against total p70 kinase (9202), against LATS1 (C66B5), against MYC (9B11), against TAZ (V386), against RagA (4357). YAP (EP1674Y; human specific) ab was from Abcam. Antibodies against HSP90 (610418) and TEAD1 (610922) were from BD Biosciences. V5 antibody was from Life Technologies (R960-25). Vincullin (V9131) was from Sigma. Antibodies against GAPDH (sc-25778), Cyr61 (sc-13100) and YAP (sc-101199/63.7) were all from Santa Cruz Biotechnology. Santa Cruz ab (sc-101199/63.7) is raised against a YAP peptide in the region 50-165. This Ab also recognize TAZ, see description of generation of YAP/TAZ dbKO cells (Supplementary information, Figure S1B and S1C). The peptide used to generate the EP1674Y Abcam antibody is in the region aa 360-400 (exact position is not available as this information is proprietary). Fluorescent secondary abs used were mouse and rabbit Alexa Fluor 488 and 594, both raised in goat and obtained from Molecular Probes/Invitrogen. Alexa Fluor 488 Phalloidin was likewise from Molecular Probes. Fibronectin was from Sigma (F-1141).
Radioactive leucine uptake experiment
Cells were seeded onto fibronectin-coated 24-well plates, and briefly washed once in Na 2+ free HBSS prior to the start of experiment, followed by 10-min incubation in Na 2+ 
qPCR and primers used
Cells were harvested for RNA extraction using RNeasy Plus mini kit (QIAGEN). RNA samples were reverse-transcribed to complementary DNA (cDNA) using iScript reverse transcriptase (Bio-Rad). qRT-PCR was performed using KAPA SYBR FAST qPCR kit (Kapa Biosystems) and the 7300 real-time PCR system (Applied Biosystems). Expression levels were normalized to HPRT.
qPCR primers used were: 5′-AGAATGTCTTGATTGTG-GAAGA-3′ and 5′-ACCTTGACCATCTTTGGATTA-3′ for HPRT; 5′-GGAAGGGTGATGTGTCCAATC-3′ and 5′-TAAT-GCCAGCACAATGTTCCC-3′ for SLC7A5; 5′-CCAATGA-CAACGCCTCCTG-3′ and 5′-TGGTGCAGCCAGAAAGCTC-3′ f o r C T G F ; 5 ′ -A G C C T C G C AT C C TATA C A A C C -3 ′ a n d 5′-TTCTTTCACAAGGCGGCACTC-3′ for CYR61; 5′-GGGAG-CAGAAGTATTTGGAGGAACG-3′ and 5′-GAATGTCGGAT-GAGAGTGGTGTCAC-3′ for AMOTL2.
ChIP assay
Chromatin DNA was digested with micrococcal nuclease (MNase). Immunoprecipitation reactions with either TEAD1 (BD, 610922) or mouse IgG control were carried out with chromatin extracts overnight at 4 °C. Precipitated DNA was quantitated by real-time PCR analysis. All ChIP signals were normalized to the input (labeled as percentage of input on the vertical axis) as described [35] (see Supplementary information, Data S1 for a more detailed protocol). The above designed oligos were annealed and cloned into pSpCas9(BB)-2A-Puro (PX459; Addgene plasmid #48139). Following sequence verification, these oligos were transfected into 293a cells utilizing Polyjet. On the following day puromycin was added to the transfected cells for three days. Hereafter cells were allowed to recover in full medium without puromycin for two days. Cells were then trypsinized, washed with PBS containing 5% FBS, run through a cell strainer, and re-suspended in fluorescence-activated cell sorting (FACS) buffer (PBS, 5 mM EDTA, 2% FBS). Cells were single cell sorted by FACS (UCSD; Human Embryonic Stem Cell Core, BD influx) into a 96-well plate containing DMEM with 20% FBS, 1× Sodium pyruvate (Gibco) and 50 μg/ml penicillin/ streptomycin. The cells were expanded and screened, and knockout clones were selected by immunoblot analysis.
Generation of knockout cells
Luciferase assay and promoter cloning
A 2 000 bp fragment (long) or 1 170 bp (short) of human genomic DNA containing the promoter region of SLC7A5 was npg www.cell-research.com | Cell Research cloned into the pGL3-Basic vector. HEK293A YAP/TAZ dbKO cells were cotransfected with either pGL3 empty vector, or pGL3 SLC7A5 luciferase reporter in combination with pCMV Flag-YAP, and Renilla plasmids as indicated. Luciferase assay was performed 30 h after transfection using the Dual Glo luciferase system (Promega) and carried out on a TECAN Infinite F200 plate reader according to the manufacturer's recommendations. All luciferase activities were normalized to Renilla.
Western blotting
Cells were lysed in sample buffer with β-mercaptoethanol (reducing), or without β-mercaptoethanol (non-reducing). Cell lysates were in general prepared in reducing lysis buffer if not specifically highlighted in the figure legend. Blotted PVDF was incubated in blocking solution (5% dry milk containing TBST) for 30 min, followed by 3× min of brief wash in TBST, and incubation with primary antibody in TBST supplemented with 5% BSA overnight, followed by brief wash with TBST, whereafter the membrane was incubated in 5% milk containing TBST with the appropriate HRP-conjugated antibodies for 1 h. Western blots were developed using Millipore Immobilon Western Chemiluminescent HRP mix (WBKLS0500) onto Blue Devil autoradiography films from Genesee Scientific. Quantification of western blots for pS6K was carried out in Image J/Fiji and the values were normalized to relative total S6K levels.
FACS for cell competition assay and relative cell size determination
In total 120 000 cells were seeded in a cell competition assay into a 12-well plate. A 1:1 mixture of Y/T dbKO cells expressing an empty vector, or re-expressing V5-tagged SLC7A5 were seeded. Pure lines were included to allow for correct gating on the FACS and control for cell line purity (all cells in the V5-expressing cell line were expressing V5). Cells were seeded and allowed to settle overnight. On the following day medium was changed into experimental medium, and this medium change was repeated every 24 h to allow for serum replenishment. After 144 h, cells were trypsinized and processed for FACS using antibodies recognizing V5 and by labeling with Alexa 488. In total 10 000 events were counted and cells were gated to exclude duplets. This allowed for calculating the percentage of V5-positive cells in the mixed cell cultures after growth in different media. To determine the relative cell size by FACS, cells were seeded at low density to ensure that they were subconfluent at the end of 48 h, and medium was changed after 24 h to ensure that serum was within a constant range.
Cells were prepared for FACS, and gated against debris and for doublet discrimination. The average relative cell size per sample was compared to WT with 100% AA and plotted in Prism.
